Remodelling of the aortic root in severe tricuspid aortic stenosis: implications for transcatheter aortic valve implantation Abstract Detailed knowledge of aortic root geometry is a prerequisite to anticipate complications of transcatheter aortic valve (TAV) implantation. We determined coronary ostial locations and aortic root dimensions in patients with aortic stenosis (AS) and compared these values with normal subjects using computed tomography (CT). One hundred consecutive patients with severe tricuspid AS and 100 consecutive patients without valvular pathology (referred to as the controls) undergoing cardiac dualsource CT were included. Distances from the aortic annulus (AA) to the left coronary ostium (LCO), right coronary ostium (RCO), the height of the left coronary sinus (HLS), right coronary sinus (HRS), and aortic root dimensions [diameters of AA, sinus of Valsalva (SV), and sino-tubular junction(STJ)] were measured. LCO and RCO were 14.9±3.2 mm (8.2-25.9) and 16.8±3.6 mm (12.0-25.7) in the controls, 15.5±2.9 mm (8.8-24.3) and 17.3±3.6 mm (7.3-26.0) in patients with AS. Controls and patients with AS had similar values for LCO (P= 0.18), RCO (P=0.33) and HLS (P= 0.88), whereas HRS (P<0.05) was significantly larger in patients with AS. AA (r=0.55,P<0.001), SV (r= 0.54,P<0.001), and STJ (r=0.52,P< 0.001) significantly correlated with the body surface area in the controls; whereas no correlation was found in patients with AS. Patients with AS had significantly larger AA (P<0.01) and STJ (P<0.01) diameters when compared with the controls. In patients with severe tricuspid AS, coronary ostial locations were similar to the controls, but a transverse remodelling of the aortic root was recognized. Owing to the large distribution of ostial locations and the dilatation of the aortic root, CT is recommended before TAV implantation in each patient.
Introduction
Aortic stenosis (AS) represents the most common valvular heart disease in adults [1] . Surgical valve repair or replacement is the treatment of choice for symptomatic patients with severe AS, offering symptomatic relief and reducing mortality [2, 3] . However, more than 30% of patients are not candidates for an operative treatment due to comorbidities [1] . In those patients suffering from severe tricuspid AS, transcatheter aortic valve (TAV) implantation that may be performed either percutaneously or transapically provides an alternative treatment option to open surgery [4] [5] [6] [7] [8] [9] .
Potential difficulties of TAV implantation include the optimal design of the stent, the preservation of valve function after the delivering procedure, and the avoidance of coronary obstruction and paravalvular regurgitation [4, [10] [11] [12] [13] [14] . Coronary flow restriction occurs either by direct blocking of the implanted stent or from the aortic cusps that are immobilized against the coronary ostia [12] [13] [14] .
Therefore, the precise locations of the coronary ostia should be determined prior to the procedure to ensure an unobstructed coronary blood flow [4, 12, 14] . Paravalvular regurgitation can be avoided by correct TAV positioning and sizing in respect to aortic root dimensions [12] .
Echocardiography [3] may be used for determining the aortic root anatomy; however, it has the inherent limitations of being dependent on the individual patient's constitution, on instrumental settings and transducer position, and on operator skills. On the other hand, cross-sectional imaging modalities, such as magnetic resonance imaging (MRI) and computed tomography (CT), could be used. MRI, however, lacks the superior resolution of CT with regard to valve and coronary artery morphology.
Current multidetector-row spiral CT technology acquires volumetric data with isotropic voxel resolution enables the reconstruction of three-dimensional structures with a high spatial and temporal resolution. Thus, CT allows for an accurate assessment of coronary arteries [15] [16] [17] and aortic root morphology [18, 19] .
In this study, we determined coronary ostial locations and aortic root dimensions in patients with severe tricuspid AS in comparison with subjects without valvular heart disease using CT.
Material and methods

Patients
From August 2006 to April 2008, 100 consecutive patients with severe tricuspid AS and 100 consecutive patients without valvular pathology (the controls) were included. All patients with AS underwent CT for preoperative planning (100%) before aortic valve repair (18%) or replacement (82%). Controls were referred to CT because of atypical chest pain (100%). Demographic data are listed in Table 1 .
General exclusion criteria for contrast-enhanced CT included nephropathy (serum creatinine level >150 µmol/l) and hypersensitivity to iodine-containing contrast media. Patients were excluded who had aneurysms of the thoracic aorta or had undergone previous surgery on the heart, thoracic aorta, mediastinum, thoracic cage, or lung. In addition, patients with bicuspid aortic valves were excluded from the study.
Transthoracic echocardiography (TTE) was used to demonstrate normal valvular function in the 100 controls and severe tricuspid AS in the 100 patients, according to international guidelines [3] . Combined aortic disease, such as regurgitation, was additionally assessed [3] . TTE was performed within 21 days of CT (time interval 16±7 days, range 0-21 days).
For all patients, clinical data was collected including age, sex, body weight, and body height. The body mass index (BMI) was calculated from the body weight and body height, the body surface area (BSA) was calculated according to Mosteller [20] .
The local ethical committee approved this retrospective study and waived the written informed consent requirement.
CT data acquisition
All patients were imaged using a dual-source CT system (Somatom Definition, Siemens, Forchheim, Germany). No beta-receptor antagonists for heart-rate control were administered before CT. Eighty milliliters of contrast medium (iopromidum, Ultravist 370; Bayer Schering Pharma, Berlin, Germany) were administered at a flow rate of 5 ml/s and followed by 50 ml of a 20% contrast agent/80% saline solution mixture. Contrast agent application was controlled by bolus-tracking in the ascending aorta (threshold 120HU). CT data acquisition was performed in the cranio-caudal direction during mid- inspiration covering the entire heart. CT parameters were: detector collimation 2×32×0.6 mm, slice acquisition 2× 64×0.6 mm by means of a z-flying focal spot, gantry rotation time 330 ms, pitch of 0.2-0.5 depending on the heart rate, tube current time product 330 mAs/rotation, and tube potential 120 V. ECG-pulsing was adapted to the heart rate for radiation dose reduction in all patients as previously recommended [21] , resulting in an effective dose of approximately 7-9 mSv [22] . Images were reconstructed in mid-diastole at 70% of the RR-interval with a slice thickness of 0.75 mm (increment 0.5 mm) using soft (B26f) and sharp convolution kernels (B46f).
CT data analysis
Post-processing software (Circulation, Siemens, Forchheim, Germany) was used to obtain the following measurements by electronic calipers.
Coronary ostial locations
The left coronary ostium (LCO) was located on an oblique coronal reformation orientated orthogonally to the plane of the aortic annulus (AA) (Fig. 1a) . The right coronary ostium (RCO) was located on an oblique sagittal reformation. Measurements were taken perpendicular from the base of the AA to the center of each coronary ostium (Fig. 1b) .
Sinus heights The height of the left coronary sinus (HLS)
was determined by moving through reformations parallel to the previously used coronal oblique view (Fig. 1a) . Similarly, the height of the right coronary sinus (HRS) was visualized on parallel sagittal oblique reformations (Fig. 1b) . All height measurements of the sinuses were taken perpendicular to the plane of the AA.
Aortic root dimensions Aortic root dimensions included the diameter of the AA, the sinus of Valsalva (SV), and sino-tubular junction (STJ). All measurements were taken on an oblique coronal reformation parallel to the previously used coronal oblique views (Fig. 1c) .
Aortic valve calcification Aortic valve calcification was semi-quantitatively graded by using a previously published scale [23] : grade 1, mild with small isolated spots of calcification; grade 2, moderate with multiple larger spots of calcification; and grade 3, heavy with extensive calcification of the aortic cusps. All analyses were performed by a radiologist with 3 years of experience in cardiovascular imaging.
Inter-observer and intra-observer agreement
To test for inter-observer reliability of CT measurements, data from 50 patients (25 random patients of each group) were analyzed by a second radiologist (7 years of experience in cardiovascular imaging). Planes for measurements were reformatted by each reader separately. To test for intra-observer variability, the same reader re-analyzed the same 50 datasets after 1month.
Statistical analysis
Numerical values were expressed as frequencies or percentages. Age, heart rates, BMI, BSA, ostial locations (i.e., LCO and RCO), sinus heights (i.e., HLS and HRS), dimensions of the aortic root (i.e., AA, SV, and STJ) were normally distributed (as evidenced by the Kolmogorov-Smirnov test) and thus were presented as means ± standard deviations (SDs). Differences in frequencies (i.e., gender, cardiovascular risk factors, LCO or RCO above the STJ) between controls and patients with severe tricuspid AS were assessed using the chi-square test or Fisher's exact test. Heart rates, BMI, BSA, ostial locations, sinus heights, as well as aortic root dimensions (i.e., AA, SV, and STJ) of controls and patients with severe tricuspid AS were compared using t-tests for unpaired samples. Mean differences between male and female patients were assessed using unpaired t-tests for ostial locations, sinus heights, ostial locations as percentage of the sinus height, and aortic root dimensions. Intraindividual comparisons of the LCO, RCO, HLS, and HRS were performed using a paired t-test.
Bland-Altman analysis for intra-and inter-observer agreement was used to assess differences in observations with the mean of observations. Pearsons correlation analysis was used to compare measurements of the different readers and reading sessions as well as to assess the influence of age, BMI and BSA on sinus heights, ostial locations, and aortic root dimensions (i.e., AA, SV, and STJ).
A P value of <0.05 was considered significant. Statistical analysis was performed using commercially available software (SPSS, release 15.0, Chicago, IL, USA).
Results
All CT measurements could successfully be made in each patient. All patients were in a sinus rhythm with a heart rate during CT of 69±15 bpm (range 47-95 bpm), with no significant difference present between controls and patients with AS (P=0.67).
Of the 100 patients with AS, 42 patients (42%) suffered from additional aortic regurgitation (mild, n=34; moderate, n=6; severe, n=2).
Inter-observer and intra-observer agreement Bland-Altman analysis revealed minimal differences between the measurement of both observers (i.e., LCO= 0.6±1.7 mm, HLS=0.3±1.6 mm, RCO=0.5±1.8 mm, HRS=0.08±1.6 mm, AA=1.4±1.8 mm, SV=0.8±1.5 mm, and STJ=1.1±1.4 mm). Minimal differences were also observed when testing intra-observer agreement (i.e., LCO=0.06±1.4 mm, HLS=0.5±1.2 mm, RCO=0.3± 1.5 mm, HRS=0.3±1.3 mm, AA=1.3±0.9 mm, SV=0.9± 1.1 mm, and STJ=1.5±1.1 mm). Inter-observer correlation coefficients ranged from r=0.80-0.93 (P<0.01); and intraobserver correlation coefficients ranged from r=0.79-.95 (P<0.001). Because both the inter-observer and the intraobserver agreements were high, the remaining 150 datasets were analyzed by only one reader.
CT data analysis
Controls
Absolute values of the LCO, RCO, HLS, and HRS as well as the LCO and RCO as percentages of the sinus heights for controls are demonstrated in Table 2 and Fig. 3 . There were significant differences between the left and right coronary ostial locations (P<0.001). No differences were found between male and female patients for the LCO (P=0.34), but the RCO showed a significantly (P<0.05) higher location in male patients (Fig. 2) .
The HLS and the HRS were similar, with no significant difference between the two sides (P=0.08). Significant differences were found between men and women in regard to the HLS (P<0.001) and the HRS (P<0.05), with a higher location in men for both sides.
The LCO was located above the STJ in 4/100 patients (4%), the RCO in 9/100 patients (9%), respectively. A significant difference between the LCO and RCO as percentages of sinus heights (P<0.0001) was found; no differences were found between men and women for the LCO (P=0.28) and the RCO (P=0.57) as percentages of the corresponding sinus heights.
Significant dependencies on BSA were found for the LCO (r=0.21, P<0.05), RCO (r=0.31, P<0.01), HLS (r= 0.50, P<0.001), and HRS (r=0.87, P<0.001). No correlations were found between the BSA and both the LCO and RCO as a percentage of sinus height (P=0.22 and P=0.72). No significant dependencies (P>0.05) on age or BMI were found for any of these parameters. Table 3 . Women showed significant smaller values for all parameters (P<0.05) except for the AA/BSA (P=0.11) when compared with men. Significant dependencies on BSA were found for the AA (r=0.55, P<0.001), SV (r= 0.54, P<0.001), and STJ (r=0.52, P<0.001). No correlations were found between any of these parameters and BMI or age (P>0.05).
Patients with severe tricuspid AS All 100 patients with AS (100%) had calcifications of the aortic cusps. Six patients (6%) were classified to have calcifications of grade 1, 23 to have grade 2 (23%), 52 to have grade 3 (52%), and 19 patients to have grade 4 (19%). Coronary ostia locations for patients with AS are demonstrated in Table 2 and Fig. 3 . The RCO was significantly (P<0.001) higher than the LCO. Significant differences were also found between men and women in regard to the LCO (P<0.01) and RCO (P<0.001), with a higher location for men (Fig. 2) .
HLS and HRS were similar, with no significant difference between the two sides (P=0.13). Significant differences were found between men and women for HLS (P<0.001) and HRS (P<0.001).
The LCO was located above the STJ in 6/100 patients (6%), the RCO in 8/100 patients (8%), respectively. In one patient (1%), both the LCO and RCO were located above the STJ. The LCO as a percentage of HLS was significantly different from the RCO as a percentage of HRS (P< 0.0001). No differences were found between men and women for the LCO (P=0.51) and RCO (P=0.28) as percentages of the sinus heights.
Weak but significant correlations were found between the BMI and both the LCO (r=−0.20, P<0.05) and the RCO as a percentage of the HRS (r=0.20, P<0.001). In contrast to controls, no correlations were observed for any parameter with BMI, BSA, or age (P>0.05). Absolute values of the AA, SV, and STJ as well as those indexed to the BSA are listed in Table 3 . Female patients showed significantly (P<0.05) smaller values for all parameters except for the STJ/BSA (P=0.16) when compared with male patients. No significant dependencies (P>0.05) on BSA, BMI, or age were revealed for any of the aortic root dimensions in patients with AS.
Comparison between controls and patients with severe tricuspid AS Comparisons of controls and patients with AS in regard to the LCO, RCO, HLS, and HRS are shown in Table 2 . The rates of patients with the LCO or RCO above the STJ in both groups of controls and patients with AS were similar (P=0.06 and P=0.37). LCO (P=0.10) and RCO as percentages of the sinus heights were similar in controls and patients with AS, but showed a large distribution in both groups (Fig. 3) .
Patients with AS had significantly larger values of the AA (P<0.01) and STJ (P<0.01) when compared with the controls (Table 3, Fig. 4 ). Significant differences for the AA (P<0.05), STJ (P<0.05), AA/BSA (P<0.05), and STJ/ BSA (P<0.05) also were present when comparing controls with patients with AS but no aortic regurgitation. Levels of significances were maintained after normalization to the BSA (Table 3) .
Discussion
TAV implantation provides the potential for minimally invasive valve replacement in patients with severe tricuspid AS who are not candidates for open surgery because of serious comorbidities [4, 5, 7, 8, 24] . The first human implantation of TAV was performed transapically in a 57-year-old man with calcific AS in 2002 by Cribier et al. [10] .
Boudjemline and Bonhoeffer [11] pointed out that the precise placement of TAV is crucial: locations too high above the annulus result in coronary ostial obstruction, whereas locations too low can negatively impact the left ventricular and/or mitral valve function [11] . Potential obstruction of the coronary orifices arises from the aortic cusps being pushed up against the coronary orifices or by the TAV itself [14] . Because obstruction of the coronary arteries represents a risk with potentially catastrophic consequences, the locations of the coronary ostia should be determined to maintain a secure distance of the stent [4, 12, 14] .
Another potential complication of TAV may be paravalvular regurgitation [4, 10, 11] . Regurgitant blood flow may occur after valve implantation in patients who receive a TAV that is too small for the individual's AA [6] . Minimizing paravalvular insufficiency by correct positioning and sizing is therefore important to improve the patient outcome [6] .
In order to anticipate these complications, imaging is performed in patients who are under consideration for valve surgery. CT may be performed and is useful to confirm AS severity and to define valve anatomy [25] [26] [27] . This study provides data of coronary ostia locations and aortic root dimensions in patients with severe tricuspid AS and demonstrates differences in these patients when compared with the controls.
Our in-vivo measurements of the HLS and right sinus heights in controls have general agreement with previous post-mortem studies [28, 29] . In controls, the LCO and RCO were located on average at 14.9 mm and 16.8 mm, respectively, above the AA. These values are in concordance with those as obtained by Jatene et al. [30] in patients being over 40-years old (LCO: 14.9 mm, RCO: 16.1 mm). The lower location for the LCO in our study is also in accordance with former studies [30, 31] .
When comparing controls and patients with AS, we found similar sinus heights with the LCO located closer to the AA when compared with the right side. Thus, it appears that the longitudinal anatomy of the coronary ostia and aortic root remains preserved in severe tricuspid AS. Pertaining to TAV, however, the lower location of the LCO per se could be a limiting factor for the design of TAV. The large distribution of coronary ostial heights of 7.7-28.5 mm (representing 56-150% of sinus heights) suggests preprocedural CT to be important for determining the precise position of the coronary ostia.
The AA and STJ were significantly larger in patients with AS when compared with the controls. This indicates a transverse remodelling of the aortic root, which is still present in patients with AS but without additional aortic regurgitation. This is in line with Crawford et al. [32] , who showed that aortic root dilation may regularly be recognized in AS. A possible explanation for the larger aortic root sizes could be given by the higher age of patients with AS when compared with the controls. This is also suggested by the Framingham heart study that recognized age-related differences of aortic root sizes [33] . Additionally, and similar to our study, women had smaller aortic root dimensions [33] . Furthermore, all measurements of the aortic root in controls were significantly correlated to the BSA, whereas no such correlation was found in patients with AS.
A major advantage of CT for the preprocedural planning of TAV lies in its ability to provide-within the same examination-accurate information on concomitant coronary artery disease [15] [16] [17] . In addition, quantification of aortic valve calcification with CT represents a complementary information to the severity of AS and provides independent outcome information for these patients [34] .
Limitations
First, values are derived from a patient group consisting of Caucasian patients, and hence do not account for possible differences in other ethnic groups. Second, patients with AS were significantly older than controls. This selection bias, however, is generated by the fact that AS generally occurs in the elderly population. Third, results from TTE in the assessment of AS were not compared with results from CT, but has been amply documented in the literature [25, 26, 35, 36] . Finally, the impact of the preprocedural anatomical assessment on patient outcome was not assessed in the present study.
Conclusion
This study provides data on coronary ostial locations and aortic root geometry in patients with severe tricuspid AS in comparison with controls having a normal valve function. In patients with severe tricuspid AS, the longitudinal dimensions including the coronary ostia and sinus heights are maintained, whereas a transverse remodelling of the aortic root including the diameter of the AA and STJ occurs. Considering the large distribution of coronary ostial locations both in controls and in patients with AS, as well as the dilated aortic root in patients with AS, preprocedural cardiac CT is recommended prior to TAV implantation in each individual patient.
